In green algae, light-harvesting complex stress-related 3 (LHCSR3) is responsible for the pH-dependent dissipation of absorbed light energy, a function vital for survival under highlight conditions. LHCSR3 binds the photosystem II and lightharvesting complex II (PSII-LHCII) supercomplex and transforms it into an energy-dissipative form under acidic conditions, but the molecular mechanism remains unclear. Here we show that in the green alga Chlamydomonas reinhardtii, LHCSR3 modulates the excitation energy flow and dissipates the excitation energy within the light-harvesting complexes of the PSII supercomplex. Using fluorescence decay-associated spectra analysis, we found that, when the PSII supercomplex is associated with LHCSR3 under high-light conditions, excitation energy transfer from light-harvesting complexes to chlorophyllbinding protein CP43 is selectively inhibited compared with that to CP47, preventing excess excitation energy from overloading the reaction center. By analyzing femtosecond up-conversion fluorescence kinetics, we further found that pH-and LHCSR3dependent quenching of the PSII-LHCII-LHCSR3 supercomplex is accompanied by a fluorescence emission centered at 684 nm, with a decay time constant of 18.6 ps, which is equivalent to the rise time constant of the lutein radical cation generated within a chlorophyll-lutein heterodimer. These results suggest a mechanism in which LHCSR3 transforms the PSII supercomplex into an energy-dissipative state and provide critical insight into the molecular events and characteristics in LHCSR3-dependent energy quenching. 2 The abbreviations used are:
Although light is an essential energy source for photosynthetic organisms, light beyond their photosynthetic capacity tends to generate harmful reactive oxygen species (1) . To protect against excessive light, photoprotective mechanisms, such as non-photochemical quenching (NPQ) 2 of chlorophyll (Chl) fluorescence (2) (3) (4) (5) , are critical. Over the last decade, intensive study of NPQ revealed two effector proteins crucial for energydependent quenching (qE), which is the most effective and fastest photoprotective mechanism (6 -8) : PsbS in mosses and vascular plants and light-harvesting complex stress-related protein (LHCSR) in algae and mosses. PsbS, which is composed of four transmembrane helices and does not bind pigments, also functions as a sensor of pH change, which serves as a direct indicator of excess light conditions (9 -14) . Although the molecular mechanisms of PsbS-dependent quenching have not been fully clarified, several hypotheses have been proposed wherein PsbS is a modulator for the organization of photosynthetic proteins and thylakoid membranes (15) (16) (17) (18) , the protonation of light-harvesting complex proteins (19) , and excitation energy quenching via interaction with Lhcb1 in photosystem II (PSII) supercomplexes (20) . In contrast to PsbS in mosses and vascular plants, where its expression is constitutive, the LHC-SRs (LHCSR3 and LHCSR1) in algae are pigment-binding proteins containing 6 -7 Chls and 2-3 carotenoids whose expression is dependent upon environmental cues (7, 21, 22) . LHCSR3 is expressed under high light in the presence of blue light (23) , low CO 2 (24) , calcium signaling mediated by CAS (25, 26) , and/or various stress conditions (27) (28) (29) (30) and LHCSR1 are expressed under UV-B radiation (31, 32) . We therefore expected LHCSR proteins to serve as an energy quencher, unlike PsbS, which does not serve as an energy quencher.
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CSR3 is not only a pH sensor but also a conductor of charge transfer quenching and/or excitation energy quenching (21) . Further studies revealed that a C terminus subdomain in the lumenal loop of rLHCSR3 acts as a sensor of the lumenal pH for the transformational quenching form of rLHCSR3 (33, 34) . In addition, aggregation of rLHCSR3 enhances the quenching process of rLHCSR3, indicating that protein-protein interactions inducing conformational changes might facilitate the quenching of LHCSR3 in vivo (34) . Indeed, an in vivo study using a fluorescence lifetime snapshot technique revealed that a fluorescence lifetime component of 65 ps was accompanied by qE, whose lifetime was faster than that observed in rLHCSR3 (36) . Hence, it is important to study in situ LHCSR3 interacting with other photosynthetic proteins. Although investigating the localization of LHCSR3 found that LHCSR3 binds to the PSII supercomplex and transforms it into its energy dissipative form (37) , the mechanism how LHCSR3 dissipates the excitation energy of PSII, however, remains to be clarified. In particular, the fast time domain (Ͻ50 ps) has not been fully studied by the fluorescence lifetime analysis.
To investigate how LHCSR3 dissipates excitation energy, thereby protecting the PSII supercomplex, we applied fluorescence decay-associated spectra (FDAS) analysis to a purified PSII-LHCII supercomplex with and without LHCSR3 from Chlamydomonas reinhardtii. FDAS analysis is a versatile method to examine excitation energy dynamics within pigment complexes such as photosystem complexes (38 -40) .
Here, the FDAS at 77 K revealed that when LHCSR3 binds to the PSII supercomplex, excitation energy transfer from LHCs to CP43 is redirected to CP47. LHCSR3-dependent quenching within the LHCs of the PSII supercomplex is also observed under acidic conditions. We then determined the decay time constant of the quenching by femtosecond up-conversion fluorescence spectroscopy so that we could infer the identity of the quencher. Finally, we proposed a model for the energy dissipation process within the PSII-LHCII-LHCSR3 supercomplex in C. reinhardtii.
Results

Fluorescence decay-associated spectra (FDAS) at 77 K
To investigate energy transfer dynamics in PSII supercomplexes, we isolated PSII supercomplexes from low-light (LL) and high-light (HL) grown wild-type C. reinhardtii cells ( Fig. 1 ). To induce expression of LHCSR3, cells were cultured under 500 mol of photons m Ϫ2 s Ϫ1 of white light, where LHCSR3, but not PsbS or LHCSR1 was dominantly accumulated (41, 42) . PSII supercomplexes were purified by sucrose density gradient (SDG) ultracentrifugation of the solubilized protein complexes as previously described in Ref. 37 . Fig. 1, A and B , respectively, show expression levels of LHCSR3 and separated green bands by SDG ultracentrifugation. In this study, we investigated the PSII supercomplex bands from LL and HL grown cells (PSII-LL and PSII-HL, respectively), which have been identified as dominantly PSII-LHCII and PSII-LHCII-LHCSR3, respectively (37) . In absorption spectra at 77 K, the Q x -and Q y -band region from 600 to 700 nm is almost identical for PSII-LL and PSII-HL ( Fig. 1C ), which indicates that the S 1 energy levels of chloro-phylls are analogous in both forms. In fluorescence emission spectra at 77 K ( Fig. 1D and supplemental Fig. S1 ), both PSII-LL and PSII-HL show maximum peaks at 685 nm and shoulders at 680 and 695 nm, which are associated with the emissions from CP43, LHCII, and CP47, respectively. In addition, the purity of PSII supercomplexes against PSI was confirmed by absence of the PSI fluorescence emission peak in the 720 -740-nm region. The ratio of the PSII-LHCII-LHCSR3 supercomplex to the PSII-LHCII supercomplex in the PSII-HL preparation has been estimated to ϳ0.28 by autoradiography as described in a previous study (37) , whereas the PSII-LHCII-LHCSR3 supercomplex was not detected in the PSII-LL preparation (Fig. 1A) .
The global fitting analysis of the time-resolved fluorescence curves shows a series of spectra corresponding to individual lifetime components ( Fig. 2 ). Four lifetime components (25-40 ps, 0.2 ns, 0.9 ns, and 4.7 ns) were required for fitting in the 0 -10 ns range, as with PSII supercomplexes from other organisms (38, 39) . Each of the four FDAS was decomposed by four spectral components peaking at 679, 684, 689, and 694 nm, which were assigned to LHCs, CP43 and/or LHCSR3, CP47, and the lowest-energy Chl(s) in CP47, respectively (43) (44) (45) (46) (47) (48) . The fluorescence from the primary donor (P680) appears at 682-683 nm, but was negligible in the fluorescence from the PSII supercomplex at 77 K due to its relatively low quantum yield (49) .
In the first FDAS (25-40 ps), a positive peak appeared at 679 nm in all the complexes, reflecting the relaxation of LHCs exci- For each lane, 2.0 g of Chl of thylakoids membranes were subjected to immunoblotting analyses with antibodies against LHCSR3 and D1. B, the thylakoid membranes (250 g of Chl) were solubilized with dodecyl ␣-maltoside and loaded on SDG. Four bands were identified as LHCII monomers, LHCII trimers, PSI supercomplexes, and PSII supercomplexes, as indicated. C, absorption spectra of PSII supercomplexes at pH 7.5 were obtained from reflectance spectra of frozen samples in NMR glass tubes at 77 K and normalized at the maximum peak. D, fluorescence emission spectra of PSII supercomplexes at pH 7.5 were obtained by excitation at 440 nm and normalized at the maximum peak.
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tation as its energy was transferred to other component(s) (Fig.  2 ). Negative peaks appeared at 684 and 689 nm in PSII-LL at pH 7.5, PSII-LL at pH 5.5, and PSII-HL at pH 7.5; the former peaks correspond to the energy transfer to CP43, the latter to CP47 (Fig. 2 , A-C). Since the relative contribution of CP43 versus CP47, to which excitation energy is delivered, was higher for PSII-LL at pH 7.5 than it was for PSII-LL at pH 5.5, the excitation energy delivery to CP47 was promoted in the acidic environment ( Fig. 2, A and B) . Moreover, the shift of excitation energy delivery toward CP47 was more prominent in the presence of LHCSR3 (Fig. 2C) .
The most striking feature in this FDAS analysis is seen in PSII-HL at pH 5.5 (Fig. 2D ). Under those conditions, when LHCSR3 was bound to the PSII supercomplex as well as activated by the protonation, negative peaks at 684 and 689 nm were significantly reduced, indicating that excitation energy localized on LHCII was barely transferred to the core complex ( Fig. 2D ). Instead, another positive peak emerged at 684 nm in addition to the one at 679 nm. This is important because such an unpaired positive spectral component like the component at 684 nm (Fig. 2D) indicates energy transfer to a non-fluorescent acceptor, namely, quenched. Thus, the excitation energy on this fluorescence component at 684 nm in PSII-HL was quenched at pH 5.5 rather than transferred to the core complex. The very minor negative peaks probably reflect the energy transfer to CP43 or CP47 in the populations that do not bind LHCSR3 ( Fig. 2D ). It should be noted that the fluorescence amplitude of a quenching component in this fast lifetime component could be larger than its relative population because the quenching component decays faster so it strongly emits fluorescence with the fast lifetime component.
The quenching component (at 684 nm) had three noteworthy features. First, the excitation energy transfer to this quenching component was not detected in the FDAS analysis indicating that this energy transfer was faster than our system could measure (full width at half-maximum (FWHM) of instrumental response function (IRF) ϳ 75 ps). Second, the quenching occurred specifically within LHCs as revealed by its appearing in the first FDAS only, which reflects the relaxation of LHCs excitation. Third, the peak and decay time scale of the quenching component are analogous to previously reported features of LHCSR3, whose features are a fluorescence peak at 685 nm at 77 K and a pH-dependent quenching capability with a tens of picosecond time constant (21, 22, 34) . In addition, LHCSR3 is presumably capable of efficient excitation energy transfer similar to that of the other LHCIIs because of their structural similarities (24) . Therefore, the excitation energy transfer between LHCII and LHCSR3 could be as fast as it is between LHCIIs. Moreover, the npq4 mutant lacking LHCSR3 (37) did not show the quenching component even under high-light conditions ( Fig. 3 ). Thus, we concluded that the quenching component is most likely due to LHCSR3 and not caused by other high lightinduced acclimations such as pigment changes. This result indicates that the LHCSR3 dissipates the excitation energy of LHCs within a PSII supercomplex.
The shift of energy delivery toward CP47 in an acidic environment or by the LHCSR3 binding as described above was consistently shown in the second FDAS. The ratio of positive amplitudes at 689 to 684 nm in the second FDAS (0.2 ns) was larger in PSII-LL at pH 5.5 and PSII-HL at pH 7.5 than in PSII-LL at pH 7.5 (Fig. 2 ). Because the second FDAS corresponds to the excitation energy trapped by the special pair in the reaction center or the lowest-energy Chl(s) in CP47, the larger amplitudes at 689 nm in PSII-LL at pH 5.5 and in PSII-HL at pH 7.5 indicate that under these conditions, more excitation energy was populated in CP47 and trapped by the special pair in the reaction center or the lowest-energy Chl(s) in CP47. The long-lived excitation energy within the core complex, which was reflected in the third FDAS (0.9 ns), consistently behaved with the idea described above.
In the fourth FDAS (4.7 ns), we observed two major fluorescence peaks at 679 and 694 nm in all samples (Fig. 2 ). Because the fourth component reflects long-lived excitation energy within the entire PSII supercomplex after energy transfer, this 
finding indicates that the untrapped excitation energy was primarily populated on either LHCII or CP47 in all samples. Furthermore, at 684 nm, the PSII-HL spectra show a larger contribution than the PSII-LL spectra, suggesting HL affected the population of untrapped energy on the supercomplexes.
In the second and third lifetime components of PSII isolated from high light-grown npq4 (Fig. 3) , new peaks (705 and 715 nm) appeared that were not observed in PSII-LL and PSII-HL (wild-type). Because these are negligible in 4.2-ns lifetime components, therefore, we can exclude the possibility of PSI con-tamination and assume that peaks are attributable to differences of LHCII-binding patterns, induced by the lack of LHCSR3 under high-light conditions, as observed in the BBY (Berthold, Babcock, and Yocum (73)) particle and LHCII oligomer of Arabidopsis thaliana (50) .
Femtosecond up-conversion fluorescence kinetics
The two fluorescence decay components at 679 and 684 nm in the first FDAS in PSII-HL at pH 5.5 (Fig. 2D ) presumably differed in origin and lifetime, but those were not technically resolved by our FDAS measuring system. To study the lifetime of the quenching component in the ultrafast time domain in more detail (Ͻ40 ps), we obtained fluorescence decay kinetics of the PSII supercomplexes by a femtosecond fluorescence upconversion method, which has higher time resolution (ϳ230-fs IRF (FWHM), 0.20 ps/channel) than the FDAS measuring system (ϳ75-ps IRF (FWHM), 2.4 ps/channel). As expected, fluorescence decayed faster from PSII-HL at pH 5.5 than from the other supercomplexes ( Fig. 4) . For exponential fitting, we needed only two lifetime components for PSII-LL, but an additional component was necessary for PSII-HL at pH 5.5. We applied target fitting analysis based on the heterogeneity of the PSII supercomplexes (PSII-LHCII and PSII-LHCII-LHCSR3) in PSII-HL (Fig. 4) . The fitting showed the LHCSR3-dependent lifetime components ( LHCSR3 ) are 18.2 Ϯ 1.9 ps at pH 7.5 and 9.2 Ϯ 2.2 ps at pH 5.5. These lifetime components were faster than the linked fast lifetime components ( 1 ), such as 24.9 Ϯ 0.3 ps at pH 7.5 and 20.9 Ϯ 0.2 ps at pH 5.5 (Table 1) . Upon protonation of LHCSR3, the LHCSR3-dependent lifetime ( LHCSR3 ) component was shifted from 18.2 ps (at pH 7.5) to 9.2 ps (at pH 5.5) in PSII-HL. Therefore, we estimated the decay time constant for the LHCSR3-and pH-dependent quenching process to be 18.6 ps (1/ ϭ 1/(9.2 ps) Ϫ 1/(18.2 ps)). The relative amplitude ratio of the LHCSR3-dependent component (a LHCSR3 ) in the fast components here (a 1 ϩ a LHCSR3 ), 0.27 (Table 1) , which reflects the relative contribution of the fluorescence emission from the PSII-LHCII-LHCSR3 supercomplex to that from all the PSII-LHCII supercomplex in fast time domain, is indeed comparable with the amplitude ratio of the 684-nm component in the two spectral components in the first FDAS at 679 and 684 nm (Fig. 2D ). Although this ratio is Figure 3 . Fluorescence decay-associated spectra of PSII supercomlexes isolated from npq4 mutant grown under high-light conditions at 77 K. Time-resolved fluorescence profiles were obtained at each wavelength by excitation at 408 nm and analyzed to generate FDAS using the same procedure as described in the legend to Fig. 2 . Spectral components of global analysis were shown as blue (680 nm), green (685 nm), orange (689 nm), red (694 nm), dark green (705 nm), and navy (715 nm). Open circles and gray lines represent FDAS spectra and fitting curve, respectively. 
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larger than the ratio of LHCSR3 to CP26 (0.14 as shown in Ref. 37) , it can be accounted for by the fact that the relative amplitude of the LHCSR3-dependent component is larger in the first FDAS of PSII-HL at pH 5.5.
A minor degree of pH-dependent but LHCSR3-independent quenching was observed as a difference between the decay time constants for PSII-LL at pH 7.5 (24.9 ps) and 5.5 (20.9 ps), namely, 130.1 ps. Together, we identified LHCSR3-dependent qE quenching within the PSII-LHCII-LHCSR3 supercomplex, which was a different kinetic component from the pH-dependent quenching within the PSII-LHCII supercomplex.
In addition, it is important to consider the relationship between the antenna size and the fluorescence lifetime. The fluorescence lifetime is normally extended when antenna size increases (51) , and the antenna size of PSII-LHCII-LHCSR3 was slightly larger than that of PSII-LHCII due to the addition of LHCSR3. However, the fluorescence lifetime of the PSII-LHCII-LHCSR3 supercomplex was shorter than that of the PSII-LHCII supercomplex, even at pH 7.5 ( Fig. 4 and Table 1 ), suggesting LHCSR3 acting as not just an additional antenna molecule.
However, the antenna sizes of the supercomplexes were comparable based on the similar Chl a/b ratio of the samples (PSII-LL, 2.25, and PSII-HL, 2.27). The slight difference (0.02) in the Chl a/b ratio is most likely due to the high Chl a/b ratios of LHCSR3 (5.1 in Ref. 21, 5.5 in Ref. 22 , and 8.86 in Ref. 34) compared with that of LHCII (1.27 Ϯ 0.03). Thus, we conclude that the binding of LHCSR3 to the PSII supercomplex without protonation also decreases the fluorescence lifetime, which is consistent with previous reports, where LHCSR3 shows a shorter fluorescence lifetime than other LHCs at neutral pH (21, 33, 34) .
The fate of excitation energy from LHCs
The outer antenna LHCs contain Chl b, whereas the core complexes do not (52) . We took advantage of this feature to further investigate the fate of the energy harvested by the outer antenna when the cells show qE quenching under HL conditions. Because Chl b has a distinct absorption peak at 480 nm, the Chl b-specific fluorescence emission spectra can be determined by subtracting fluorescence emission spectra excited at 440 nm, which excites both Chl a and b, from those excited at 480 nm, after normalization in the 720 -730 nm range. These wavelengths are considered to be only slightly influenced by PSII fluorescence and PSI fluorescence is dominant (Fig. 5 ). The obtained difference spectra were markedly different between LL and HL cells, as manifested by Gaussian peak decomposition at 679 (LHCII), 684 (CP43), 689 (CP47), and 689 (lowest-energy Chl(s) in CP47) (Fig. 5B) . Interestingly, the peak corresponding to CP43 was markedly reduced in HL cells, compared with the decrease of the peak corresponding to LHCII and CP47. It indicates that the energy transfer from LHCII to CP43 was specifically suppressed in HL cells. This result is consistent in the difference spectra derived by different normalization wavelengths at 720, 725, and 730 nm (Fig. 5D ).
Discussion
In contrast to PsbS, LHCSR3 binds pigments and has quenching capability. LHCSR3-dependent quenching is induced by protonation and protein-protein interaction (21, 22, 33, 34) , and the PSII supercomplex can be transformed into an energy-dissipative state upon binding to LHCSR3 under acidic conditions (37) . In this study, using the green alga C. reinhardtii, we studied how LHCSR3 affects the PSII supercomplex when it enters the energy-dissipative state. Our results (Figs. 2  and 3 ) clearly indicate that LHCSR3 dissipates excitation energy of LHCs within the PSII supercomplex. Although there occur multiple effects under high-light conditions, in this study we focus on the effects due to the presence or absence of LHCSR3.
A LHCSR3-dependent quenching component appeared at an almost identical spectral position (684 nm) as reported in in vitro reconstitution studies (21) , indicating that LHCSR3 is likely the quencher itself. On the other hand, the decay time constant (18.6 ps) of the quenching component, determined by the fs up-conversion fluorescence system, was faster than that previously observed in rLHCSR3 (21, 22, 33, 34) and in cells (36) . We speculate that these differences were caused by the different conditions between isolated LHCSR3 and associated LHCSR3 with the PSII supercomplex. Previous fluorescence lifetime measurements on isolated PSII-LHCII-LHCSR3 supercomplexes (37) also did not reveal the short lifetime component (Ͻ50 ps), but a lower fluorescence amplitude at the initial time (Ͻ50 ps) after excitation was observed in the PSII-HL supercomplex at pH 5.5, indicating the presence of fast quenching beyond the temporal resolution. In addition, the fast decay time constant determined in this study is indeed more reasonable because the quenching should compete with the intrinsic energy transfer to the core complex (ϳ25 ps).
Intriguingly, the decay time constant of the quenching component was analogous to the rise-time constant (ϳ14 Ϯ 3 ps) of the lutein (Lut) radical cation determined by transient absorption spectroscopy from rLHCSR3 (21) . The Lut radical cation may be generated by electron transfer within a Chl-Lut heterodimer, resulting in charge transfer quenching (53) (54) (55) . The rise-time constant of the Lut radical cation has been deter- 
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mined by simulations that rely on the time constant of excitation energy transfer from bulk Chls to a Chl-Lut heterodimer (56) . In the case of LHCSR3, Chl a 603 , b 609 , and a Lut in the L2 site may constitute a Chl-Lut heterodimer (21, 34) . Interestingly, the decay time constant of the quenching component is also comparable with the time constant (ϳ21 ps) of energy transfer from Chl a 613 to other Chls in rLHCSR3 (22) . Moreover Chl a 613 reportedly has the lowest energy state in rLH-CSR3, which is remarkable because the lowest energy state for most LHC proteins is on the Chl a 610 -a 611 -a 612 trimer (57) . In this regard, we suggest that this Chl a 613 is a possible intermediate in the efficient excitation energy transfer from LHCs to LHCSR3 (Fig. 6A) , which presumably have an advantage in funneling excitation energy for LHCs. Furthermore, our FDAS and in vivo fluorescence study indicated that LHCSR3 interacts with LHCs that are in the vicinity of CP43 (Figs. 2 and 5) , which is consistent with one of the averaged single particle images recently reported showing that LHCSR3 binds to CP26 and the LHCII trimer near CP43 (58) .
To reveal the significance of the LHCSR3-dependent NPQ process in vivo, we derived NPQ parameters of the isolated PSII supercomplexes by computing changes in the proportion of excitation energy transferred to the core complexes upon protonation ( Fig. 6B and supplemental Fig. S2 ). In the case of the PSII-LHCII supercomplex without LHCSR3, the proportion of excitation energy to the core complexes decreased at pH 5.5 to 84% of the proportion at pH 7.5. We then estimated the NPQ value to be 0.19, which is about 48% of the NPQ value (about 0.4 under 750 mol of photons m Ϫ2 s Ϫ1 of actinic light) in the npq4 mutant (37) . For the PSII-LHCII-LHCSR3 supercomplex, the NPQ value was 0.98, which is about 82% of the NPQ value (about 1.2 under 750 mol of photons m Ϫ2 s Ϫ1 of actinic light) of HL grown cells. In conclusion, we suggest that the binding of LHCSR3 to PSII supercomplexes can contribute up to 82% of the entire NPQ in cells. The remaining 18% of NPQ is pH-dependent and LHCSR3-independent, which may be due to the interactions between LHCSR3 and LHCII and/or LHCSR1 and LHCII, as reported recently (59) .
An interesting feature of LHCSR3-dependent photoprotection is that LHCSR3 binding inhibits excitation energy transfer to CP43. CP43 is known to deliver excitation energy to the special pair more efficiently than CP47, which has a potential to form a quenching state (60, 61) . Accordingly, under low-light conditions, dominant excitation energy transfer to CP43 may be more suitable for increasing light-harvesting efficiency, which is what we observed by FDAS analysis (Fig. 2) . On the other hand, under high-light conditions, inhibition of excitation energy transfer to CP43 by binding of LHCSR3 could be a safety valve to prevent overload of the reaction center by excess excitation energy. Furthermore, such a safety valve for CP43 might also inhibit the generation of harmful reactive oxygen species following from an extended lifetime of the excited Chls within CP43 when CP43 is dissociated from the PSII supercomplex, which inevitably occurs when D1 protein is degraded under high-light conditions and the entire complex is engaged in the repair cycle (62). A, the spectra were normalized at 720 nm, which is believed to not contribute to PSII-related fluorescence. The difference spectra were derived by subtraction of the spectrum obtained by 440 nm excitation from the spectrum obtained by 480 nm excitation. B, the spectra were globally fitted with four Gaussian functions. The amplitudes of the Gaussian functions are independent of other spectra but their center and width are linked in the two spectra. Spectral components of global analysis were shown as blue (679 nm), green (685 nm), orange (689 nm), and red (694 nm). Open circles and gray lines represent FDAS spectra and fitting curve, respectively. LL, low light-grown cells; HL, high light-grown cells. C, an illustration of the analysis procedure to investigate fluorescence spectrum by Chl b-specific excitation. 480-nm light preferentially excites Chl b, whereas 440-nm light equally excites Chl a and Chl b. To investigate the fluorescence spectrum by Chl b-specific excitation, we subtract the fluorescence spectrum obtained by 440 nm light from that obtained by the 480-nm light after normalization at a Chl a-specific fluorescence peak such as a PSI fluorescence peak. D, three types of difference-spectra with normalization wavelengths at 720, 725, and 730 nm were derived by subtraction of the spectrum obtained by 440 nm excitation from the spectrum obtained by 480 nm excitation in A.
Thus, we propose the following model for the LHCSR3-dependent NPQ in C. reinhardtii (Fig. 6 ). Under high light that includes blue light, LHCSR3 protein is expressed and bound to LHCs near CP43, S-trimer (strongly bound) of LHCII, or CP26 within the PSII supercomplex. That binding alters the excitation energy pathways so that energy transfer to CP43 is inhibited. When LHCSR3 is protonated by lumenal acidification, it quenches the excitation energy harvested by LHCs within the PSII supercomplex. For efficient energy funneling of LHCSR3, the lowest energy state Chl (Chl a 613 ) in LHCSR3 mediates the excitation energy transfer from LHCs to LHCSR3. We assume the transfer is very fast because the fluorescence decay observed in this study (18.6 ps) , which could reflect the overall energy transfer from LHCs to Chl-Lut, was not much different from the rise of the Lut radical cation measured by the transient absorption (14 Ϯ 3 ps) (21) . The molecular mechanism of the quenching in LHCSR3 has been addressed and it was suggested that multiple quenching mechanisms including charge-transfer quenching occurred (21) . To further clarify the molecular mechanism, ultrafast transient absorption and/or fluorescence spectroscopy analysis accompanied by structural studies is required. Also, further structural data on the PSII-LHCII-LHCSR3 supercomplex as determined by crystallography or high-resolution cryoelectron microscopy single particle analysis will clarify the precise binding site of LHCSR3.
Experimental procedures
C. reinhardtii strains and growth conditions
LL grown and HL grown C. reinhardtii cells were prepared from the identical cell 137c line (wild-type) and npq4 (7) . The LL and HL cells were precultured in high-salt minimal medium (63) under 50 mol of photons m Ϫ2 s Ϫ1 light with 5% CO 2 bubbling and stirring and subsequently cultured, respectively, under 20 (LL cells) or 500 (HL cells) mol of photons m Ϫ2 s Ϫ1 of white light, with air bubbling for 15 h at 25°C, as described in Ref. 37 .
Isolation of photosystem II supercomplexes and immunoblot analysis
Thylakoid membranes were isolated from C. reinhardtii cells and solubilized with dodecyl ␣-maltoside (Affymetrix) in 25 mM MES buffer (pH 6.5), as described in Ref. 64 . PSII supercomplexes were purified from the solubilized thylakoid membranes by sucrose density gradient centrifugation, as described in Refs. 37 and 64. Betaine (1 M) was added to the buffer for stabilizing the PSII supercomplexes at room temperature (supplemental Fig. S3 ), especially for the up-conversion fluorescence measurement. Immunoblot analyses were conducted with the antibodies against LHCSR3 (kind gift from Dr. Michael Hippler, University of Münster) or D1 
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(anti-PsbA, Agrisera, Sweden) polypeptide as described previously (37) .
Steady-state absorption and fluorescence measurements
Steady-state absorption spectra were measured by a spectrometer equipped with an integrating sphere (JASCO V-650/ISVC-747) at 77 K, as described in Ref. 65 . Steadystate emission spectra were measured by a FluoroMax spectrofluorometer (HORIBA Jobin-Yvon) at 77 K. Samples diluted to 1 g of Chl/ml were excited at 440 nm (bandwidth ϭ 2 nm) and emission was monitored between 660 and 760 nm with a 2-nm bandwidth.
Time-resolved fluorescence measurements and analysis
Time-resolved fluorescence spectra were obtained from 660 to 750 nm at 1-nm intervals using a 408-nm diode pulse laser and time-correlated single photon counting (TCSPC) system at 77 K (2.4 ps/channel) (40, 65, 66) . Fluorescence kinetics were analyzed by a convolution calculation with an instrumental response function of 75 ps (FWHM). FDAS were constructed by global analysis of fluorescence decay curves and global decomposition to four spectral components having vibrational bands, as described in Ref. 38 and 40) .
Fluorescence rise and decay curves at the femtosecond domain were measured with a fluorescence up-conversion system at 293 K (0.20 ps/channel) (67, 68) . The second harmonic (425 nm) of a Ti:Sapphire laser (Tsunami, Spectra-Physics, Mountain View, CA) was used as the excitation source, and its fundamental (850 nm) served as the gate pulse. The excitation pulse intensity was set to lower than 6.2 ϫ 10 10 photons/(pulse/ cm 2 ), which was low enough to ignore the annihilation effect (69) . All pigments were simultaneously excited, and fluorescence rise and decay curves were obtained at 680 nm (bandwidth ϭ 10 nm). Fluorescence kinetics were analyzed by a convolution calculation with an instrumental response function of 0.23 ps (FWHM).
The fluorescence decay curves were globally fitted with a heterogeneous-PSII fitting model because the PSII-HL fraction contains both PSII-LHCII-LHCSR3 and PSII-LHCII at a ratio of ϳ3:7 (37), which probably results in a heterogeneous lifetime on the fast scale. Deconvolution of the exponentials and the Gaussian function (FWHM ϳ 230 fs) were carried out with Equation 1,
where, F(t) is the fluorescence decay curve, ␣ 1 is the amplitude and 1 is the lifetime of a decay component mainly associated with the first lifetime component of the FDAS spectra in Fig. 1 . a LHCSR3 and LHCSR3 are the amplitude and the lifetime of the LHCSR3-related component, respectively. a 2 and 2 are, respectively, the amplitude and the lifetime of long decay components related with the second lifetime components of FDAS spectra in Fig. 2. 1 of PSII-LL at pH 7.5 and PSII-LL at pH 5.5 were, respectively, linked to 1 of PSII-HL at pH 7.5 and PSII-HL at pH 5.5, because some proportion of PSII in PSII-HL is presumably the same as PSII-LL based on the ratio of LHCSR3 to CP26 (LHCSR3/CP26 ϭ 0.14) and it is also supported by the identical first lifetime components between PSII-LL at pH 7.5 and PSII-HL at pH 7.5 in FDAS in Fig. 2 . The ratio of a LHCSR3 to a 1 (a LHCSR3 /a 1 ) was linked between PSII-HL at pH 7.5 and PSII-HL at pH 5.5 because the ratio of LHCSR3 is identical, whereas LHCSR3 was not linked. 2 was fixed to 200 ps based on the FDAS results in Fig. 2 . It also has been confirmed that 2 has negligible influence on short lifetime components (supplemental Table S1 ).
